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AbMafl*
Wc rcporl on tcs[s of a frequency-stable tcmpcralurc
compensated sapphire oscillator (CSO) at tcmpcraturcs
abc)vc 77 K[l]. Previously, high stability in sapphire
oscillators had only been obtainc,d  with liquid helium
cooling. l{cccnt inlJlrovcmcnts inc]udca more.careful
analysis oftbcacfrcqucncy  -lock “1’ound’’circuitry  that
nowcnablcs  tbcoscillatort  orcliat)lyattain astability6
million titncs  better than its fractional resonator
lincwidtl). ‘1’hc  frequency stability of the current
rc.senator with a quality factor of Q=2X 106 i s
approxi]natcly  the same as for the very best available.
quar(?. oscillators. ~’hc apparent CSO ftickcr floor is
7.5 XI O”’4 for measuring limes hctwccn  3 and 1 (i
sccc)nrts,  with stability better than 2x1 0-’3 for all
mcasu[ inf, times bctwccn  1 and 100 scconcls. WC,
projccl a stability of 2x10-]4 for a rcsona[or  Q of 107, a
value atmut one. (bird  of the intrinsic sappl]irc  Q a{ tliis
lc.rl)pcIatu  Ic.

MMdm! ion

Newly dcvclopcd atomic and ionic frequency staadalds
alc pmscnt]y  limited in performance by avail ab]c local
oscillatolw. Sequentially-intc.rrogatcd passive. standards,
which inc]udc mercury ion traps and ccsiuln fountains,
rc.ly on an ancillary local oscillator (1,.0.) which is
periodically corrcctcd  by the atomic interrc)gation
imcc.ss[2, ?]. In order for tbc standards to achic.vc t}mir
potc.ntial  l~crfotlnancc, a local oscillator with stability of
a fc.w tirnc.s 1014 is required.

Up tc) now, 1..0. rcquircmcnts  for passive ftcqucnc.y
sgurcc.s  such as ccsiuln and ru[~idiu~ll standards wc,rc
easily Inct by available quartz oscillators. l’hc general
cbaractcristics of quartz oscillators arc an cxccllcnt  matctl
to 1,.0. rcquircmcnts:  “1’hcy  arc rciativcly  incxpc.nsivc
and show their best stability for mcasurirrg times
aip oxirllatcly  cquat to the rcciuircd  intcrl ogation  time.s.
IIowcvcr, even tbc best “super-quartz,” oscillators with
stability of approximately 1X10“’3 do not meet 1,.0.
rcquiwmcnts  for the ncw standards.

.
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Active hydrogen masers and supcrcorrducting  or sapphire
cxscillators  cooled by liquid hcliun~[4.6] do achicvc the
desired pcrformmcc,  but arc roughly as cxpcmsivc  as the
staadar(is the.rnscivcs. Whiic such a combined standard
may bc very attractive when the ultimate in pcrforlnancc
is nccdccf,  the cxpcnsc  i s  p roh ib i t i ve  fc)r Iuost
applications.

A sapi>hirc  c)scillator coolcct by iiqoid nitrogen (1.N2)
could bc a sirnplcr and Icss cxi>cnsivc solution. ‘1’hc
available quaiity factors (Q’s) for wilispcring gallery
sapphire rcsonatols  at tcrnpcraturcs  above the 77K
boiling tcmpcraturc  of l.NZ arc in fact high enough to
allow ti~c required performance. IIowcvcr,  the.rmaily
induce.d variations of the dielectric constant arc not
froz,c.n out at 77K as they arc at 1,1 Ic tcmpcraturcs,  and
plcvcnt l~igb stability from being at[ainc(i.

WC, have dcvclopcd a compcnsatcci  sappilirc resonator
tilat rcduccs tbc cffccls  o f  tilcrlna] fiuctua[ions. ‘J’his
resonator incorporates a mccilanicai  compensation
process cirivcn by ti)c ciiffcrcncc  ir] cxilansion coefficients
for the comimncnt  matcriais  (coppc.r  and sapphire).
Prcviousiy  rcpo[tc.(i  stability of 2-4X10“[3[7] for the
compensated sapi)hirc oscillator (C. SO) bascci on this
resonator is now substantially irni)rovcd, achieving a
flicker floor of 7. SX1014.

M!kl!dshgy

A detailed description and analysis of tire oimatiorr  of
ti~c c.ompcnsatcd  sapphire rcsona(or  IIas bc.cn given
c.lsc.whcrc[  i ,7,8]. This apr)roacil  was an(icipatcd  by
‘1’sarapkin,  c.t al[9] in a roorn-tcrnpcraturc  resonator with
low phase noise. Our previous work analyzes a tuncablc
resonator constructed with a gap bc.twccn two sapphire
parts.

‘J’hc  analysis shows that, for the WG}lnl,  mode family,
the sensitivity of resonator frequency [0 gai> spacing is
sufficient to compensate the inhcrcat thcrmai  frequency
variation in tllc sapi>hirc resonator at tcmpcraturcs above
77K if the parls arc scpara{cd  by a matcriai  such as
co~)pcr,  which i~as a coefficient of expansion somewhat
fycatcr tilan tilat of sappbirc.  }Iowcvcr,  the sapphire
Inust bc made substantially reentrant, so that the
c. ffcctivc Icngth of tile copper spacer can bc Iarg,c.r [ban
tile gap scpatatiup, t h e  sappbirc  parts. Wi)cn tllcsc



conditions arc met, (11c difi’crc.ncc  bctwccrr  thcrmral
expansion cocfficic.rrts  of copper and sapphire adjusts the
gap bctwccn two sapphire. parts and cancels frequency
variation duc [o thermal cxpansiou in the sapphire and,
more importantly, that duc 10 tcmpcraturc-induced
variation in sapphire’s dielectric constant.

‘1’hc sapphire-copper composite structure is shown in
liigurc 1. increasing tcmpcraturc,  which would tend [o
decrease  resonant frequency, causes the length of the
ccnt[al  copper post to incrcasc,  thus separating the
sapphire clcmcnts, increasing the gap and thereby raising
the resonant frequency. At a certain operating
tcmpcrat  urc these effects completely cancel, and thcrcforc
compensate the rc.senator frequency against the effects of
tcmpcraturc  variation. In our tests, tbc WCillgll  mode at
7.2.3 G117,  is c.xcitcd, and shows a frequency turn-over
tcmpcraturc  of 87 K in agrccmcmt with finite clc.mcmt
calcula[ions[  1 0].

l;igurc  1. Compc.nsatcd  sapph i re  rcsonato]  will] fre-
quency  turm-over tcmpcratulc  of -87K.  l~xpansion of
(Ilc copper ccntc.r post with increasing tcrnpcraturc im
crcasc.s the gap spacing bctwc.c.n the sapl]lli[c clc.mcnts,
counteracting an incrcasc in dielectric constant in the
sapphire. Stainless steel thcrnlal isolation assembly
rccluccs the effect of 1.N2 tcmpcrafurc  fluctua[icms.

‘1’hcrmal  integrity of the sapphire-copper-sapphire
rc.senator parl is crucial to its frc.qucncy  s(ability.  ‘1’hc
copper and sapphire clcmc.nts arc bonded using pure
iridium soldc.r and an cvapora(cd gold coating on the
sapphire joint surface. ‘1’his, together with lhc very high
thermal conductivity of both sapphire and copper at 1.Nz
tcn}pcra[urcs, cnahlcs a low thermal time constant. ‘1’hc
much longer time constants for tllc. sapphire-can
mounting and the can-ni(rogcn bath attachment allow
cxccllcnt shorl-tc.rrn tcmpcraturc c o n t r o l  o f  t h e
coppcrlsappl]irc  resonating clcmcnt and vc.ry low (I[crmal
gradients.

7’IIc  internal lhc.rmal  time constants for the composite
rcionatm  arc < S sccorrds, allowing cffcctivc operation
c)f the compensation mechanism. “1’hcrmal  tirnc con-
stants of 300 seconds and 1 S00 seconds isolate. the
sal)rthirc  clcmcnt  from the can, and ni[rc)gcn  bath,

*

rc.spcctivcly.

‘1’bc design of the can tbcrmal  isolation, as shown by the
stainless steel parls identified in Figure 1, is rc-cmtrant
to minimally effect lhc resonator’s placcmcnl  in the
cryostat. ‘lShc original bottom plate with the copper
cc.ntcr that sits in lhc 1,N2 bath is spaced approximately
8 mm from the copper can, but the thermal path lc.ngth
is approximately 6.5 cm. lhc thermal isolation stage is
composed of a slainlcss  steel ‘deep dish’ in which a
copper cylinder is attached. on top of the copper
cylinder is a stainless steel plate which only makes
contact to tbc copper can with a -0,5 cm width ring at
its outer radius. l’hc copper cylinder has thermistors and
a beater clcmcnt  which allow the. tcmpcraturc  of the
stage to bc controlled.

‘1’hc relatively conventional frcclucncy lock circuitry is
slmvn  in I;igurc 2. A l’ound circuit locks the 100 MIIz
crystal quart~. VCX3  to the sapphire. resonator. Jiarlicr
versions used a 50-200 kll?. modulation frequency
injcc[cd into the V(X) input, IIowcvc.r, sufficicrr(  loop
~ain could not bc attained  without instabilities to
cffcclivcly  eliminate VCO frequency fluctuations.
Thcrcforc  wc modified (11c x72 multiplier (c) allow
injcc~ion of a higher 2 M1lz modulation frequency into
its I.-band internal power oscillator. ‘1’hc allowed
incrc.asc in loop gain in the frcclucncy lock circuitry
~rca(ly improved short-(crm slability pc.rforlnancc.
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]’igurc  2. }’ound  (frequency lock) circuit wi(ll 2 Mllz
modulation frc.c]ucncy. Not shown is frequency offset
circuitry associatcci with (I]c x72 multiplier which
derives the exact resonator frcquc.rrcy of 7.226 G} 1~..

Dccausc  flicker noise in tbc. rf systcm components is a
limiting factor in the systc.m pcrfonnancc  wc employ
the Iowc.st noise components available. Additionally,
wc gc.ncrally  design for the shor-(cst micmwavc  path
Icngths possible.

A number of significant sources of frequency instability
were uncovc.rcd during llIc dcvclopmcnt process. Many
o f  Ihcsc w e r e  prcvious]y  adclrc.ssc.d  [7], a n d
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IJigurc  3. Allan Dcviaticm of CSO” frcquc.ncy  stability

IIy nloniloring various tcmpcraturcs  in the syslcnl, wc
found that tbc sapphire tcmpcraturc  followed the outer
can as well as snowing its own Ic.rnpcraturc  fluctuations,
‘1’l~is indic.atcd a thm-mai ‘Icak’ in the resonator. ‘1’hc
thcro)al path was a conibination c)f a small vacuum leak
and the.m~al  radiation. Scaling IIIC leak and rrclding
radiatic)n shielding significantly improved sborl tcrln
s t ab i l i t y  a s  srxn in lhc c u r v e  labcllcd  currrllf
JM’lfh7tl(7tlC(’.

An additional concern is vibration scnsitivi(y ttccausc
of tllc n]ultiplc  clcmcnt s(ruc[ulc  of tllc I-csona(or.  N o
quanti[a[ivc tcs(ing has bccrl pet-for-mcd to dctcrlninc
vibration scnsitivily,  but du[-ing initial tests the. syslctn
was subjcctcd  (o dclibcra(c  nlcchanical  impu l se s .
Several lnccllanical  resonances were observed in the.
range 1 kllz, < f < 10 k}l~. witl] ringing tirncs of a few
tenths of a sc.cond. Suctl resonances arc unlikely to
degrade frcclucncy  stability pcl formancc.  in a frcqucncy-
lockc.d  condition, tbc apparent sensitivity of the
rcsonalm clyosta[ to applied vibration and shaking was
less than [hat oftllcassocia[cd IllicroWTavc  cc)rllIlorlcrlls
oroft}lc  ]f)OM}l?.c rystalq uar(?.oscillator.

It was then app~opria[c to dcrtlonstratc  the CSO’S
intcndc.d usc and capability as al..O. forapassivc  ionic
standard. Acombincdu  ltra-stablcm  icrowavcsignal  was
gcncratccl from thc(30  and I,incar lon”l’rap Standard
(l,l’I’s)[ 11]. l’resent pcrforlnancc  ofthcl.1’l’S,  which
serves as a long [cm standard, is 6.4x10 ”]4/tau]’2 ‘1’hc.
1 .1’1’S, using a super-quarlz oscillator with approxirnatc.ly
lXIO.13 stabilityas the I..O. inaconvcntional  con(rol
loop, obtains a stability of 1.0x10 -14 at 1000 seconds
mcasurcmcnt time. ‘1’hisclose.d loop pc.rforrnancccanbc
ilnprovc.d  with bcttc.r software tccbniquc.s as WCII as by
irn})roving  thcl..O.

lrrctlucllcycorrcctic)rjs wcrcapplicd  tothc C30 usinga

Time to Analog Converter
dcvclopcd  to control quartz

(rI”AC) unit which was
oscillator 1..0.’s for the

Irappcdio  nstanclards[lj]. A]argcf rc.qucncyd riftinthc
CSO was easily corlcctcd  with the ‘l”AC but can bc a
drawback for long-term operation. ];rcqucncy control
software.hasbccn inlprovc dfrornsingl cloopfctit)ack to
multi-loop control in order to remove slow drift in
parameters while locking the 1,.0. closer to the true
pcrformancco f], ]rl’s. Thisncwso ftwarcis  nltrchrrlorc
aggressive incontrollin  gthcl..C).  than tllc typical 1-2-1
sequential loop[ 1 1].

l’rclirninary  stabili(y  mcasurcmcnts  w i th  t he  C30
serving as 1..0. for the 1,11’S  show a stability of
2.x10  -13/taul’2.  ‘1’hc.  usc of improved control software
resulted in significantly incrcascd stability for medium
term (100 -1000 sc.cond) measuring tirncs. ‘lhc 6x10-J5
stability at 1000 sc.conds is nc.arly a factor of two hct[cr
than a standard configuration of V{~O/1,1’l’S.  As the
(30 continues to irnprovc  its stability toward 2,x10-r4,
this cxcrcisc  demonstrates a first step in developing a
frequency source that rcaliz.cs the full stability 1,1’1’S ion
standard in a con]pact  package.

Am.!ytis

Several additional improvements have been idc.ntif{cd as
ncccssary to achic.vc the desired oscillator stability. ‘1’hc
resonator’s thcrinal  environment is currently free
running and riot actively contro]lc.d. Addition of
feedback control electronics to the tmatcr clcmcnts of the.
systcm  wi th  bc. ttcr t han  nlilli Kelvin Icrnpclaturc
resolution is rcquircci  for [tic desired ultra-stable
pcrforrnancc.

A very large sensitivity of the flicker floor to the
adjustment of tllc l’/ta.se .$/tiffcr  icicn[ificcl in l;igurc 2
hctpcd to identify a “false signal” in [Ilc l’ound loop and
a solution to the. prohlcm that this rci)rcscnts. It was
fourrcl  that the phase. shifter was acljustccl to bc even a
fc.w dcgrccs from the peak of the rc.sponsc  curve at (IIC
mixer Output the pcrforrllancc  was substantially
degraded. l:ur(hcrmorc,  ultirnatc pcrforrnancc  was found
to bc very sensitive to the length of the L’ryogcnic
Cocuia/ I.inc. ‘1’hcsc effects llavc bc.cn identified as dllc
to a 2 MHz. signal at tbc output of the AM l)etecfor
which is phase shifted by exactly 90 dcgrccs from the
true Pound signal, and which is periodically dcpcndcnt
on the length of the coaxial Iinc.

Analysis shows Illat such a false signal can bc cxpcctcd
duc to trar]smission  line n]isrnatchcs, and cxpcrilnc.nt
shows that adjusting the line Icng[ll  to minimize the
false signal gives Ihc best possible stability. While to
first order Ihc Pound methodology eliminate.s any dcpcn-
dcncc of cxcillation frequency on coaxial line Icngth, the
false signal rcprcscnts  a breakdown of tllc rncthod,
I)cing a signal that is not imrnunc from charrgcs in Iinc
Icngth. ‘1’hc exact 90 cicgrc.c ptlasc sllifl is due. to the



very }~igh Q of (}IC rcsorrant mode.. ‘1’hc results inrficalc
that c.auticin must bc obscrvcct with regard (O possihlc
sapphire modes with moderate to high Q’s which have
frcqucncics  near the modulation siclcbands. ‘J’his
prc~blcm  is compounded by the fact that very many
lower Q modes in the whispering gallery rcsonalor arc
coupled to the output as strongly as the desire.d mode.

Ikaturcs  of the achicvcd stability arc a flicker floor of
7.SXI 0“14 and a large frequency drift of approximately
1,5x1 O*/day. A significant improvement in stability is
cxpcctcd  with incrcascd  resonator Q. “1’hc  prc.scmtly
observed Q=2x 10c is very rm.rch lower than the intrinsic
value of 30 million for sapphire at 77K, and is also
below tbc vahrc  of 20 million wc observed fc)r other,
uncompcnsatcd,  modes in the sarnc resonator. W c
bclicvc the low compc.nsatc.d  Q is duc (o J)oor surface
cleanliness of lhc sapphire clcmcnls, rnosl  likely in tl]c
tunirlg gap where rf c.lcctric fields arc Iargc. A rcclc.sign
is prcscn[ly  underway to rcducc  surface contamination of
tl~c tuning gap, where resonant clcctr-ic flclds arc large.
Wc project a stability of 5X10“4 or hct(cr with (hc
improved design. and calculate a noise-l imitc.d frcgucney
s(ability  of 1 -2x10“’4 fcx a resonator with Q = 10. l’hc
large drift ralc is likely duc to relaxation of the sofl
mc(al bond in the cornposilc sapphire./coppcr rc.senator
clcrncrrt. ‘1’his is being addressed by an improved
fabrication tcchniquc. Based on this achicvcd  ancl
j~lojc.ctcct pcrforlnancc,  the CSO aj>ploacll pimniscs to
meet ncw passive s(andard  1,.0. rcquircmcn(s  in a corn-
pacx and illcxpcnsivc cr yo.genie packa~c..

WC. have dcrnonstratcd  a ncw ulwa-stal)lc  oscillator
caj~abilily which prmniscs (0 enable inlpl(lvc.mcnts on
(hc best quar-tz technology in a small and incxpc.nsivc
cryogenic  package.  J’rojcc(cd  pc.rforlnancc  is WCII
matched to the rcquircrncn(.s  of nc.w passive atomic
stanclards. With a 20x performance in)provcmc.rrt  over
(I)c past 18 months, continuing irll[>ro~c.lllcllts can bc
cxpc.ctcrl.  Present s(abili(y ranges from 7.5x10 ”14to
2x101 qforrncasuring  linwshctwccn  1 and 100scconds.
Wc project a stability of 5X10”’4 or better with a
rcsonatordcsigncd  for improved Q. I’rctirninary Icsts in
combination with tbc 1.1’1’S have dcrnons(ratcd  tbc
CSO’s capacity to operate as a local oscillator for a
passive ionic standard.
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